ABSTRACT: Efficient organic solar cells are based on (electron) donor−acceptor heterojunctions. An optically generated excited molecular state (exciton) is dissociated at this junction, forming a charge-transfer (CT) state in an intermediate step before the electron and hole are completely separated. The observed highly efficient dissociation of this Coulombically bound state raises the question on the dissociation mechanism. Here, we show that the observed high quantum yields of charge carrier generation and CT state dissociation are due to extended (and consequently weakly bound) CT states visible in absorption and emission spectra and first-principles calculations. Identifying a new geminate-pair loss mechanism via donor excimers, we find that the hole on the smallmolecule donor is not localized on a single molecule and charge separation is correlated with the energetic offset between excimer and CT states. Thus, the charges upon interface charge transfer and even in the case of back-transfer and recombination are less localized than commonly assumed.
A fter the discovery of the donor (D)−acceptor (A) concept, 1 measurements showed that electron transfer from donor to acceptor is ultrafast 2 (100s of fs). This charge transfer (CT) is needed to split the electron−hole pairs, which are photogenerated on the donor or acceptor as tightly bound localized Frenkel excitons due to the low dielectric constant of organic materials. The detailed path and driving forces toward a complete separation after CT are not fully understood. 3 Energy offsets between the frontier orbitals and possibly changes in entropy 4 play a major role. A CT state was found at the interface, which can be probed by direct optical transitions below the optical gap of the single molecules. 5 It has been proposed that the CT state is an intermediate step on the way toward free charge carrier generation. Strong evidence for this is that the energetics and kinetics of the CT state determine the open-circuit voltage of the solar cell. 5 The CT state is assumed to consist of an electron− hole pair that is Coulombically bound, where binding energies in the range of 350 meV are discussed based on the assumption of an initial distance of 1−2 nm after CT. 6 This binding energy ≫kT contradicts the large quantum yields observed. That is why an initial distance that is increased by tunneling 7 and further excited (so-called hot) CT states with excess energy have been proposed as the dominating path of charge dissociation. 8, 9 However, efficient dissociation of cool CT excitons upon direct optical excitation was shown experimentally. 10, 11 In this work, we directly show that extended CT states are fundamental in organic solar cells. To investigate the role of the surroundings on the energetics of the CT state, we employ ternary blend systems, where a second very similar donor is added. The donors are ZnPc and a fluorinated derivative ZnF 4 Pc (2,2′,2″,2‴-tetrafluorophthalocyaninato zinc(II)). The acceptor is fullerene C 60 . The fluorination of ZnPc increases the ionization energy (IE) by ∼0.3 eV (cf. Table. 2), whereas the optical gap remains almost constant (optical constants in the Supporting Information, Figure S1 ). We find that upon mixing the two donors interact with each other, creating CT and more extended states with orbitals spanning more than one donor molecule. Varying the composition of the blend tunes their energy values and the IE. In contrast to previous studies based on ultrafast spectroscopy, we employ steady-state measurements of photoluminescence (PL), electroluminescence (EL), and photocurrent spectroscopy together with first-principles calculations to directly relate properties of the CT states to changes in opencircuit voltage (V oc ) and in fill factor (FF).
We investigate solar cell devices with varied ZnF 4 Pc:ZnPc ratios, with the C 60 content maintained at 60 wt %. The bulk heterojunction is embedded in a pin-type solar cell: ITO (130 nm)/p-doped 9,9-bis[4-(N,N-bis(p-biphenyl-amino)phenyl]-fluorene (BPAPF, 50 nm)/ZnF 4 Pc:ZnPc:C 60 (38 nm)/C 60 (20 nm)/n-C 60 (15 nm)/200 nm Al. 12 The series with varying donor ratios is characterized by a V oc that almost linearly increases with ZnF 4 Pc content (Figure 1 ), as observed for other ternary systems as well. 13, 14 This trend is accompanied by a monotonous decrease of the FF.
The values of V oc for the two binary blends (0.55 vs 0.85 V) can be explained by changes in the effective HOMO−LUMO gap of the blend due to the shift in the HOMO of the donor. However, the values for the ternary systems cannot be explained by a simple parallel connection of ZnPc:C 60 and ZnF 4 Pc:C 60 heterojunctions. In that case, the heterojunction system with the lower voltage would limit V oc . Instead, V oc values that lie in between those of the binary blends are observed. The explanation of such V oc values for the ternary systems requires either hot (thermally not equilibrated) charges, 15 where holes on ZnPc phases are not in quasi-equilibrium with holes on ZnF 4 Pc phases, or the formation of a new effective medium with averaged energy levels.
To clarify whether hot charges or an effective medium are responsible for the trend of V oc , we investigate optical transitions in the ternary systems. The absorption properties are studied by sensitive measurements of the external quantum efficiency (EQE) onset using Fourier-transform photocurrent spectroscopy (FTPS), 16 accompanied by linear-response time-dependent density functional theory (LR-TDDFT) calculations (Figure 2 ). The main signal at higher energies results from absorption of ZnPc or ZnF 4 Pc molecules showing almost the same absorption spectra ( Figure S1 ). 17 Comparing mixtures with (a) and without C 60 (b), a shoulder at low energies appears that is obviously due to absorption into newly generated states upon blending the (a) EQE onset of the ternary blends measured by FTPS and normalized at 1.8 eV. The light blue dashed−dotted line visualizes a calculated 1:1 superposition of the ZnPc:C 60 and ZnF 4 Pc:C 60 spectra, which cannot describe the measured shifted spectra (dark blue for 1:1). (b) ZnPc:C 60 EQE spectrum and additional spectra of ZnF 4 Pc:ZnPc blends without C 60 . The low-energy signal is due to the CT state in blends with C 60 . It is broad and cannot be fitted by a single Gaussian, as visualized by the dotted and dashed lines. The latter gives an estimate for the minimum CT absorption of a ZnPc:C 60 blend because it is calculated as the difference between the spectra of the ZnF 4 Pc:C 60 and ZnPc:C 60 blends. The data for the ZnF 4 Pc:ZnPc devices indicate that a CT state between the two donors (if existent) does not influence the low-energy part of the spectra. (c) Calculated LR-TDDFT/ M06 absorption spectra of CT excitations (with >20% of the involved orbitals corresponding to excitations from stack to C 60 orbitals) for binary and ternary blends following the experimental trend shown in (a) with novel excitations for the ternary systems with energies in between those of the binary ones almost independent of stacking sequence. (d) Calculated LR-TDDFT/M06 absorption spectra of CT excitations (with Λ < 0.7) for ZnPc + C 60 and Zn(F 4 )Pc stacks. The trends coincide with the experimental data in (b). Due to the enhanced CT character (Λ = 0.3), the M06-2X functional is used for ZnF 4 Pc. (e) Optimized structures and electron density differences of pure and mixed alternating donor stacks. Electrons (yellow) and holes (blue) are shown for the first excitation (ρ 1 − ρ 0 ) with separated but localized charges. (f) Optimized structures and electron density differences of blends with C 60 . Electrons (yellow) and holes (blue) are shown for a low-energy excitation of the spectra in (c), visualizing extended states.
donor(s) with C 60 . Those might be CT states, that is, in a simplified picture, a direct excitation of an electron in the HOMO of the donor into the LUMO of the C 60 . 18 More precisely, the interaction between donor and acceptor molecules creates a CT complex with new orbitals and optical transitions into excited states, which can have more or less CT character, as calculations show (Figure 2f ). Hence, this absorption onset is a measure of the effective energy gap of the blend, 5 and we assign it to the creation of an A/D electron−hole pair. The shift of the low-energy shoulder of ∼0.23 eV roughly agrees with the V oc variation, which is a bit larger due to changes in the radiative recombination yield quantified by measuring the EQE of electroluminsence (EQE EL ) given in Table 1 . Fitting the onset with a Gaussian shows that the maxima shift, whereas the width remains unchanged (Table 1 and Figure S2 ). Thus, a superposition of separate ZnPc:C 60 and ZnF 4 Pc:C 60 junctions with different energies as simulated by the dashed−dotted light blue line in Figure 2a can be excluded. Instead, the energy of the A/D electron−hole pair changes gradually with composition, as observed in refs 12 and 19. This trend is seen in the IE as well and interpreted based on long-range quadrupole interactions in ref 12 , which change polarization energies. Beyond these electrostatic interactions, we see the single absorption feature as strong evidence for the donor molecules interacting with each other and leading to states that are not completely localized on one molecule (further confirmed by DFT and TDDFT calculations vide infra). This is consistent with what has been proposed in recent studies based on ultrafast spectroscopy and quantumchemical and other modeling approaches. 20−26 The absorption spectrum cannot sufficiently be described by a single Gaussian as commonly done motivated by Marcus theory 27, 28 but shows a broad character (purple dashed line in Figure 2b ) containing a variety of transitions, as theoretically discussed below. Remarkably, this effect occurs although these blends are considered Xray amorphous 29 and featureless down to the sub-10 nm length scale. Thus, even obviously disordered systems can show an extended CT state, most likely due to ordering in the nanometer length scale. 30 We expect similar effects for polymer:fullerene systems as well ( Figure S3 ).
Comparing the FTPS spectra of pure donors with donor mixtures in Figure 2b , an additional low-energy absorption upon mixing is not observed although it might be expected from a transition between the HOMO of a ZnPc and the LUMO of an adjacent ZnF 4 Pc molecule. As discussed in ref 12 , phase separation can be excluded. Therefore, the missing low-energy shoulder indicates that there are no distinct HOMO and LUMO levels of the separate molecules in mixed films, which we additionally prove with the DFT-calculated IEs (and thus HOMOs). The DFT results (more details in Figures S11 −18) show that with and without C 60 a blend of ZnPc and ZnF 4 Pc exhibits an IE, energetically located in between the single compounds ( Table 2 ). Systematic calculations of systems with increasing size (up to tetrameric stacks) show that this trend is independent of the size for both systems with and without C 60 . The IEs of the systems made by four molecule stacks and one C 60 molecule are 5.38, 5.71, 5.73, and 5.88 eV, for 4ZnPc + C 60 , ZnPc/ZnF 4 Pc/ZnPc/ZnF 4 Pc + C 60 , ZnF 4 Pc/ZnPc/ZnF 4 Pc/ ZnPc + C 60 , and 4ZnF 4 Pc + C 60 , respectively. This clearly shows that the IE does not depend on whether a ZnPc or a ZnF 4 Pc molecule is adjacent to C 60 but only on the composition of the stack.
The creation of a novel HOMO is typically not considered but has to be taken into account when designing a D/A pair for heterojunction solar cells. This common new HOMO state might explain why some polymer or small-molecule blends show very low photocurrent yields despite large frontier orbital energy offsets between single donor and acceptor molecules (e.g., ZnPc/ F 16 a V oc,rad is the radiative limit for V oc obtained using a Gaussian fit to the calculated emission from the photovoltaic EQE (assuming an EQE of 70% at 1.8 eV). For ZnPc-rich films, the peak position is estimated using a Gaussian fit to the high-energy part of the signal because the error of the detector below 1.2 eV becomes too significant. The fitting of a Gaussian to the FTPS data is done at the onset, selecting a varied energy range to check the effect of the choice of energy interval on the obtained values for peak position and σ of the Gaussian. This approach gives a rough estimation of errors, which allows one to judge peak shifts and broadening. V oc,calc is estimated considering V oc,rad and the EQE EL . The Journal of Physical Chemistry Letters The electronic character of one of the lowest-energy excitations of the discussed spectra is shown in Figure 2e ,f, where the electron density difference between the ground and the excited state is reported for ZnPc, ZnF 4 Pc, and mixed ZnPc + ZnF 4 Pc stacks with (f) and without (e) C 60 . In the case of the binary ZnPc + C 60 blend, the excitation has a clear CT character. Electrons (yellow) move from the donor to C 60 , leaving the extended hole (blue) on the ZnPc stack. In the ternary and ZnF 4 Pc:C 60 blends, CT from the stack to the C 60 is less pronounced, probably due to the competition with ZnF 4 Pc as the acceptor. These qualitative observations are confirmed by quantification of the CT character through calculations of the so-called λ parameter, 32 as discussed in the Computational Methods section. Recently, other groups also reported similar observation (delocalization of the hole over several monomers upon excitation) for different π-stacked systems. 33, 34 Comparing the character of excitations of pure stacks with that of stacks with C 60 , the main role of the acceptor C 60 is to help in spreading and separating charge even without a complete electron transfer to C 60 . This finding offers an explanation why blends with very low concentrations of either donor or acceptor work efficiently, 35 although the low-concentration component does not provide charge transport paths toward the electrodes. Instead, the presence of this component is required to assist charge separation on the main component.
We further probe the energy of A/D electron−hole pairs by measuring the EL of injected charges that radiatively recombine in the blend. 36 The shift of the spectra in Figure 3a ,b follows the trend of absorption, as expected from fundamental reciprocity relations. 37 The spectra of the ternaries again cannot be predicted by a superposition of the two binary spectra ( Figure S4) . Furthermore, the indicated Gaussian fits (dashed−dotted) do not fit the higher-energy region, which is characterized by an exponentially decaying function without additional features. This is further indication that the spectrum is not limited to a narrow Gaussian but made up of many transitions with a maintained density of states for larger energies and thermal exponential occupation statistics governing the tail.
Besides the shift for larger ZnF 4 Pc content, the EL turns out to be a superposition of two signals for ZnF 4 Pc-rich blends. A second peak at 1.35 eV is due to luminescence of a state on ZnPc and ZnF 4 Pc because it is seen in EL spectra of ZnPc, ZnF 4 Pc, and ZnPc:ZnF 4 Pc devices without C 60 (Figure 3c ). The existence of this second peak with higher emission yield is confirmed by EL measurements as a function of the applied voltage and by comparing measured EL to calculated 37 EL in Figure 3d . A larger voltage enhances this emission relative to emission from the A/D electron−hole pair if its energy is slightly larger than the one of the A/D electron−hole pair energy (visible and shown for Figure S5 ) because tunneling into this slightly higher energetic state is enhanced by the electric field. This correlation with energy is further indication for treating the energy of the A/D electron− hole pair for the ternaries as an effective value. It is in accordance with the continuous shift in the threshold voltage of the dark currents in the J−V curves of Figure S6 , even for low concentrations of ZnF 4 Pc, where one would expect that hole transport could be completely provided by the energetically favorable ZnPc molecules, which would not result in a shift. The gray lines in Figure 3d indicate that the measured EL spectra can be well-reproduced assuming a (carrier) temperature of 90−100°C. This temperature is not unrealistic for the used current densities, as measurements at organic light-emitting diodes show. 38 The temperature might be overestimated if the higher energetic states show an increased emission yield. At large ZnF 4 Pc content or at high driving voltages in the case of the ZnF 4 Pc:ZnPc:C 60 1.5:0.5:3 device, the reciprocity does not hold any more, indicating that emission predominantly occurs via a state that does not contribute to the EQE with the same quantum efficiency.
To further investigate the emission at 1.35 eV, we compare PL of pure, binary, and ternary systems in more detail (Figure 4) .
The ternaries show a prominent PL peak at 1.35 eV, hardly shifting with composition (panel a). However, the intensity decreases with increased ZnPc content and correlates with an increase of V oc and a decrease of the FF. Investigating the spectra in panel (b), we observe this peak in all films where ZnPc or ZnF 4 Pc is present. Thus, PL and EL at 1.35 eV result from the same state, which is a lower-lying donor state compared to the single-molecule singlet state. As it is not seen in solution (panel c), we attribute it to excimer (or higher aggregate) emission that has been reported in that energy range, 39 indicating a delocalization of charge over at least two donor molecules. The remaining luminescence of the ternaries with peaks at 1.66 eV and close to 1.5 eV (panel a) is supposed to result from pure material emission, most likely C 60 40 (blue dashed−dotted line in panel b). The emission of the A/D electron−hole pair is not clearly visible in the PL, in contrast to the EL. This is because its emissivity (see Table 1 for the EL yield of ZnPc-rich films) is very low, lower than that for the excimer and the pure material. Thus, it is not clearly resolved in the PL measurement that is conducted at lower charge carrier concentrations compared to those injected when applying a voltage > 1 V for the EL measurements. The slight broadening in the low-energy region of the PL spectra for the ZnF 4 Pc:ZnPc:C 60 1.0:1.0:3 device might result from emission of the A/D electron−hole pair.
Regarding the correlation of the excimer emission with the FF, we anticipate that it is a loss mechanism, similar to triplet 41 or singlet 42 states that are below the CT state. However, delocalization makes recombination through triplets unlikely. 43 Thus, in the ZnPc system, despite low-energy triplets (1.08 eV, 1.15 μm 39 ), triplets are no significant loss channel as ZnPc:C 60 devices show high internal quantum efficiencies and FFs. The PL spectra as a function of applied voltage prove that the PL emission at 1.35 eV is quenched for larger reverse bias (shown for ZnF 4 Pc:ZnPc:C 60 1.8:0.2:3 in Figure 5a ). Figure 5b shows the quenching efficiency, which we define as unity minus the ratio of the PL at a certain voltage divided by the PL at open circuit. The dependence on voltage indicates that excimer emission is correlated with photocurrent and thus the FF for the devices with high ZnF 4 Pc content (cf. Figure 1) . For the other devices, the overall recombination through the excimer is weaker (e.g., roughly 10% for the 1.0:1.0:3 blend). Thus, only a small fraction recombines through the excimer, and the voltage dependence of this process seen in the quenching efficiency does not dominate but only slightly decreases the FF, which completely saturates at 60% for ZnPc-rich devices, where it is limited by charge transport. 44 For the low FF devices, we rule out reasons related to transport of charges such as low charge carrier mobilities or high bimolecular recombination due to potential changes in morphology for ternary blends. This is because the molecular structure and morphology are similar, the FF remains high even for a 0.5:1.5:3 blend, and a slightly modified ZnF 4 Pc 29 (with a 0.1 eV higher HOMO) shows high performance. Also, fielddependent dissociation of a strongly bound electron−hole pair is ruled out as its binding energy is not expected to depend on the ternary composition. Consequently, it is most likely the energy of the excimer approaching the energy of the A/D electron−hole pair that governs the FF. We recognize that the luminescent recombination path does not represent the major recombination process due to low luminescence yields (cf. Table 1 ). However, assuming that the ratio between emissive and nonradiative recombination of the excimer state is independent of voltage, we can causally correlate quenching efficiency and FF.
The proposed scheme of photoinduced transitions is sketched in Figure 5c , involving localized pure-material transitions, spatially extended A/D electron−hole pairs, and donor emissive states (excimer). A remaining question is whether the loss through the excimer requires the formation of an A/D electron− hole pair first or whether the excimer is directly formed from the singlet. In other words, (i) does the electric field help to dissociate the excimer, (ii) does it affect the initial formation of the excimer (avoiding its formation), or (iii) does it drive the A/ D electron−hole pair apart to avoid the formation of the excimer on longer time scales? Option (i) is unlikely as the lifetime of excimers is low and its emission can be hardly quenched in the pure films. Consequently, once formed, an excimer will decay into the ground state with high probability independent of applied voltage. Option (ii) would mean that there is a difference in the EQE of photons absorbed on the donor and photons absorbed by an A/D electron−hole pair (CT band). The EQE should depend more strongly on voltage for absorption on the donor as this exciton might end up in the excimer, whereas the A/ D electron−hole pair is (almost) free. However, this is not the case, as shown by the EQE as a function of voltage ( Figure S7 ). Thus, recombination happens after the electron−hole pair is formed, and further thermally excited CT states are irrelevant for the voltage dependence of the photocurrent, as recently shown in ref 11 . The J−V data are in accordance with this observation as the internal quantum efficiency in reverse bias approaches almost equally high values (the same currents) for all devices, meaning that there is no ultrafast loss channel, which would hardly be influenced by moderate changes of the electric field.
To determine the recombination order through excimer states, PL emission and photocurrent are investigated as a function of illumination intensity. The PL quenching efficiency as a function of voltage is independent of illumination intensity ( Figure S8) , showing that it is a monomolecular process. The same holds for the photocurrent−voltage relation for ZnF 4 Pc-rich devices (Figure 5d ). The FF does not depend on illumination intensity for those devices, while it decreases with intensity for the ZnPcrich devices, where bimolecular recombination and possibly series resistance effects become important as excimer recombination is not seen and FFs are higher (inset). The monomolecular recombination is not due to trap-assisted recombination, as proven by the open-circuit voltage as a function of illumination intensity, showing a slope of 60 mV/ decade characteristic for direct recombination ( Figure S9 ). First, this verifies once more that there are not distinct HOMO levels as ZnPc should form a significantly deep trap (0.3 eV) in ZnF 4 Pcrich blends. Second, the A/D electron−hole pairs geminately recombine when forming the excimer. Despite being almost free, charges recombine as geminate pairs and not bimolecularly as the Figure 4a) . Accurately determining the quenching efficiency is difficult the lower the PL peak compared to the remaining PL is as subtraction of scaled spectra is required. Dependent on the point of normalization and reference spectra (thin-film optics), absolute values vary, but the trends are unchanged. (c) Proposed scheme for generation of the photocurrent. After CT from the donor or acceptor, a less localized A/D electron−hole pair is formed. Its energy depends on the composition as the energies for optical transitions (absorption and EL) change. For too high values, the excimer (or higher aggregate) state becomes accessible and back-transfer of charge occurs, as seen in excimer PL. (d) Photocurrent (current under illumination minus current in the dark) for different light intensities normalized at −0.5 V. The ZnF 4 Pc-rich blend (short dashed) shows a normalized photocurrent−voltage curve that is independent of illumination intensity, indicating monomolecular recombination, whereas blends with larger ZnPc content (and higher FF) show a more significant dependence of photocurrent on voltage for larger intensities. This trend is also reflected in the FF as a function of illumination intensity shown in the inset.
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Letter distance to the next-available photogenerated charge is in temporal and spatial average on the order of 100 nm (10 15 charges cm −3 = 1 charge per (100 nm) 3 cube). The approximately linear photocurrent−voltage relation is indicative of a loss process that is in competition to a drift current. This observation implies that geminate recombination happens on the time scale of field-driven charge transport (ns) and challenges the idea based on Monte Carlo modeling, stating that separation happens by diffusion-driven ultrafast hops of hot carriers, 45 which recombine bimolecularly on longer time scales. Thus, more sophisticated simulation approaches, in particular, for low light intensities, including charge delocalization might be required. 46 In conclusion we have shown that the photogenerated electron−hole pair on donors and acceptors extends over several molecules. Even geminate recombination happens through a rather delocalized donor state (excimer or higher aggregate), which is populated when its energy is close to the energy of the electron−hole pair on donors and acceptors. Independent of excess energy and the method of creation, the energetics of the A/D electron−hole pair is determined by the donor mixture. This explains the high quantum efficiencies in organic solar cells and is in accordance with experimental observations that a certain amount of nanocrystallinity or ordering is required for good performance and, thus, is essential for all types of smallmolecule and polymer solar cells. The observed shift of frontier orbitals in blend systems has furthermore fundamental importance because it could open the path for novel design routes for organic semiconductors on the intermolecular level, allowing for continuously tunable energies.
■ EXPERIMENTAL DETAILS
For solar cell fabrication, glass substrates covered with 130 nm of ITO (LUMTEC) were structured by laser ablation. The active area (A = 0.15 cm 2 ) was defined by insulating passivation layers (SD-paste passiv, ESL Europe). Prior to deposition of the organic layers, the structured substrates were treated with acetone, and i-propanol and cleaned in a detergent bath (2& Deconex FPD 211) at 40°C with ultrasound for 7 min. After that, they were rinsed with water and i-propanol and dried under nitrogen flow. Afterward, the substrates were heated for 20 min on a hot plate at 110°C. The cover glasses were treated with an equivalent cleaning procedure but were dried for 120 min at 250°C. Organic materials and aluminum were evaporated in a custom-made vacuum chamber (BesTec) at a pressure of 10 −7 mbar. For processing reasons, the commercially available p-(NDP-9) and n-dopants (NDN-26) from Novaled AG were used. After deposition of the solar cell samples, the substrates were encapsulated under a nitrogen atmosphere with a cavity glass (covered with a CaO getter) using UV-sensitive glue from Nagase.
The solar cell stack was in detail: glass (0.7 mm)/ITO (130 nm)/p-doped 9,9-bis [4- Current density voltage (J−V) characteristics were recorded using a source measurement unit including a digital multimeter (Keithley 2000 DMM), a Kepco power supply, and a silicon reference solar cell connected via a shuntbox. A metal halide lamp was used to simulate the solar spectrum for global irradiation according to CIE (AM 1.5). If not otherwise noted, the illumination intensity was kept at 100 mW/cm 2 , and the temperature was fixed at 25°C. In order to accurately define the illuminated area, a mask was used (A = 0.12 cm 2 ). Current−voltage curves as a function of illumination intensity were measured using blue and red high-intensity light-emitting diodes. The intensity was adjusted by the driving current, calibrated with a silicon diode, and expressed in sun-intensity equivalents by comparing the short-circuit current densities of solar and similar LED illumination.
EQE spectra were recorded using a FTPS setup. It consisted of a Vertex 70 FT-IR spectrometer from Bruker, which was operated at the external detector option. Detecting the photocurrent (instead of transmission), the solar cell served as the specimen and the detector.
PL and EL spectra were detected using a light guide positioned close to the devices. The detector was a Newton EM-CCD Si array detector at −60°C with a Shamrock sr 303i spectrograph from Andor Tech. For the PL, a blue laser (405 nm, 5 mW, spot size few mm 2 ) was used as the excitation source; for the EL, the voltage was applied with a Keithley 2400 SMU. The sensitivity of the Si array extended to approximately 1.1 eV, where a calibration could not be used to accurately correct the signal between 1.2 and 1.1 eV. That is why the data in this spectral range were not trusted and shown in gray color in all figures.
■ COMPUTATIONAL METHODS
Geometry optimization of compounds in their singlet ground state were performed with DFT using the M06 47 functional and the effective core potential and basis set LANL2DZ 48 for zinc and a 6-31G* 49 basis set for the remaining atoms. Additional diffuse basis functions were added on fluorine atoms. Calculations were performed with the Gaussian 09 package. 50 The ternary blend was prepared in four steps of separate geometry optimizations starting with optimization of the single molecules, followed by stacks of dimers and tetrameres and, finally, the addition of the C 60 molecule. At each step, the optimized geometry was used as the initial building block for the next system. The systems obtained after each geometry optimization step are shown in Figure SI15 . The optimized geometries were similar to those predicted by Dwyer et al. in their classical force field approach. 51 The polarizable continuum model (PCM) using the integral equation formalism variant (IEFPCM) 52 was employed for treating solvation effects. Iodobenzene with a dielectric constant of ∼3.5−4.5 was chosen to mimic the permittivity of the experimental blend. Geometry optimizations were followed by frequency calculations to ensure that the molecular configurations were minima of the corresponding ground-state potential energy surface. The M06 meta hybrid functional was chosen because its performance on related chlorophyll systems is well-established. 53 For each system, LR-TDDFT/M06/IEF-PCM calculations were performed for the first 30 and, for smaller systems, 50 and 60 excited states, using the same basis set and XC functional. The extent of CT character was quantified via the diagnostic Λ (Lambda parameter) as defined by Peach et al., 54 which is a measure of the spatial orbital overlap of electrons and holes in a given excitation. Λ values for binary and ternary blends are in the range of 0.3−0.6, which is within the recommended window for applications of the M06 functional. Ternary blends with higher ZnPc concentration present lower Λ values, confirming the higher amount of CT in these blends. For pure ZnF 4 Pc stacks, we
The Journal of Physical Chemistry Letters Letter used the M06-2X functional as prescribed by Li et al. 32 to capture the enhanced CT character (0.2 < Λ < 0.3) of the first excitation. To mimic EQE measurements in Figure 2c , we included only CT excitations that produce current, that is, excitations that transfer electrons from the stack to C 60 . To select the excitations of the stacks that produce current in Figure 2d instead, we calculated the Λ values and included excitations with Λ < 0.7. The latter procedure could not be applied to C 60 + stacks because even low Λ can refer to CT excitations within the stack and not necessarily to those transferring electrons to the acceptor, making a choice based on visual inspection of the involved orbitals necessary.
Vertical IEs were computed at the (U)DFT/M06 level of theory. Graphical representations of the molecules and their orbitals were obtained using the VESTA package. The Supporting Information is available free of charge on the ACS Publications website at DOI: 10.1021/acs.jpclett.6b01962.
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